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Magnetoresistance measurements have been carried out along the highly conducting a axis in the 
FISDW phase of hydrogened and deuterated (TMTSF^CICU for various cooling rates through the 
anion ordering temperature. With increasing the cooling rate, a) the high field phase boundary /3hi, 
observed at 27 T in hydrogened samples for slowly cooled, is shifted towards a lower field, b) the 
last semimetallic SDW phase below /3hi is suppressed, and c) the FISDW insulating phase above 
/3hi is enhanced in both salts. The cooling rate dependence of the FISDW transition and of /3hi in 
both salts can be explained by taking into account the peculiar SDW nesting vector stabilized by 
the dimerized gap due to anion ordering. 

PACS numbers: 75.30.Fv, 72.15.Gd, 74.70.Kn 
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I. INTRODUCTION 

The quasi-one-dimensional (Q1D) organic compounds 
(TMTSF) 2 A, where TMTSF denotes tetramethyltetra- 
selenafulvalene and X=PF$, AsFg, CIO4, etc., show 
many interesting phenomena such as superconductivity, 
anion ordering (AO), spin-density wawe (SDW), a cas- 
cade of field-induced SDW (FISDW). Ill The phase dia- 
gram of the FISDW phase in the PFg salt, with quan- 
tized Hall resistance p xy ~ h/(n2e 2 ) in the sequence 
n= 4,3,2,1,0 as the magnetic field is increased, is suc- 
cessfully explained by the mean field theory named the 
"standard model" based on the nesting of a pair of 
slightly warped parallel sheets of the Q1D Fermi surface. 
The states labeled with integer n have been identified 
as semimetallic FISDW states while that with n=0 is a 
FISDW insulating state. However, the phase diagram 
of the FISDW phase in hydrogened (TMTSF-hi 2 ) 2 C10 4 
(abbreviated to /1-CIO4 hereafter) for the case of slow 
cooling is known to show disagreements with the "stan- 
dard model" i.e., (1) in the low-field cascade of FISDW 
transitions, thej-.sequence of Hall plateaus is not in the 
expected order J3 (2) a very stable quantum Hall state is 
observed from 7.5 to 27 T.(Ref. §§) (3) the FISDW tran- 
sition temperature Tfisdw (~ 5.5 K) is independent of 
field above 15 T.(Ref. ||) In order to explain the differ- 
ences between PFg and CIO4 salts, attention has been fo- 
cused on the anion ordering which occurs in /1-CIO4 at 24 



K and dimerizes the system along the b direction by a s 
perlattice potential V with a wave vector Q=(0, 1/2,0) 
This dimcrization separates the original Fermi surface 
(FS) into two pairs of open orbit FS sheets. Although 
the FISDW phase diagram in the slowly cooled /1-CIO4 
salt is widely investigated experimentally and theoreti- 
cally, however, it is still in question. 

When the /1-CIO4 salt is rapidly cooled through the 
anion ordering temperature Tao ; the orientations of an- 
ions are frozen in two directions at random probability 
and the SDW phase is induced. In general, the deuter- 
ation of the TMTSF salt is thought, to work as a posi- 
tive chemical pressure in the crystal!] When the positive 
chemical pressure by deuteration is applied to the C10 4 
salt, the nesting of the Q1D Fermi surface becomes more 
imperfect and the stabilization of the SDW phase in the 
intermediate cooled states is suppressed. As a result, the 
deuterated (TMTSF-di 2 ) 2 C10 4 salt (abbreviated to d- 
CIO4 hereafter) is expected to show the FISDW phase in 
a broad range of cooling rates in contrast with the case 
of hydrogened ones. 

In this paper, we describe the cooling rate 5ftc depen- 
dence of the FISDW phase diagram for the hydrogened, 
for the smallest cooling rate accessible: 0.0009 K/s, and 
deuterated, for different cooling rates: 0.0009 K/s, 0.018 
K/s, 0.67 K/s, CIO4 salts under strong magnetic fields 
applied parallel to the c* axis; we discuss the role of the 
dimerized gap due to AO controlled by the cooling rate, 
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FIG. 1. Magnetoresistance along the highly conducting 
a-axis in hydrogened and deuterated (TMTSF^CICU for the 
relaxed state (cooling rate about 0.0009 K/s) with the mag- 
netic field parallel to the lowest conductivity direction c* at 
1.5 K. 

and that of the chemical pressure by deuteration in the 
FISDW phase diagram and we compare the results in 
deuterated salts with those measured in hydrogened ones. 

II. EXPERIMENTS 

Single crystals of (TMTSF) 2 C10 4 were synthesized by 
the standard electrochemical method. The resistance 
measurements along the conducting a axis were carried 
out using a standard four probe dc method over the tem- 
perature range from 1.5 K to 10 K. The typical size of 
the sample was 1x0.1x0.1 mm 3 . Electric leads of 10 
fiin gold wire were attached with silver paint onto gold 
evaporated contacts. The current contacts covered the 
whole areas of both ends of the sample for an uniform 
current. In order to prepare states with various degrees 
of anion ordering, the sample was heated up to 40 K, 
and then cooled again with a progressive decrease of the 
heating to give a controlled cooling rate 5?c- The tem- 
perature was measured using a Cernox CX-1050-SD re- 
sistance thermometer calibrated by a capacitance sensor 
in magnetic fields. The measurements in the fields to 28 
T were done in a resistive magnet at the Grenoble High 
Magnetic Field Laboratory. 

III. RESULTS AND DISCUSSION 

Figure |l| shows the magnetoresistance along the 
highly conducting a axis in hydrogened and deuterated 




FIG. 2. Cooling rate dependence of the magnetoresistance 
of (TMTSF-di 2 ) 2 C104 with the magnetic field parallel to the 
c* direction at 1.5 K. 

(TMTSF) 2 C10 4 at 1.5 K for relaxed state, in which 5R C 
is about 0.0009K/s. Magnetic field B up to 28 T was ap- 
plied parallel to the lowest conductivity direction c* . For 
hydrogened /1-CIO4, it is found from the sudden increase 
of resistance that, the transitions to the first and last 
(n=l) semimetallic SDW phase take place at about 6.5 
T and 8 T, respectively. With increasing B, the nonoscil- 
latory background resistance i?o goes up and has a broad 
peak between 10 T and 15 T and a decrease above 15 T. 
The magnetoresistance shows hysteresis between 14 and 
21 T. The rapid oscillation (RO) is clearly seen above 14 
T in FigJ^. Above 27 T the field which was proposed 
by McKernan et al. as a new phase boundary /?hi of 
a first-order transitions, both Rq and the amplitude of 
RO suddenly increases; the magnetoresistance shows an 
isosceles triangle shape. The sudden increase of Rq and 
of the RO amplitude is consistent with previous results. u 
On the other hand, by deuteration of the CIO4 salt, Tao 
increases from 24 K to 27 K, and the transition field to 
the first and last semimetallic SDW phase increases from 
6.5 T to 7 T and from 8 T to 9.7 T, respectively. In 
addition, the field of the broad peak shifts to the high 
field side and the phase boundary at high field /3hi is 
not observed below 28 T. This indicates that deutera- 
tion of the CIO4 salt moves the FISDW phase bound- 
ary towards the high pressure side and /?hi is pushed 
out above 28 T. These results are regarded as the con- 
sequence of a positive chemical pressure in the crystal 



2 



0.1 



0.01 



.... 1 .... 1 . 


. . | .... | .... | .... 

1.4K fj% 






// 

! f 


/ /' "/..■■'/ 

/ / y / / / : 






.... i .... i . 


0.67K/sec ' 
(TMTSF-d 12 ) 2 CI0 4 



10 



15 
B(T) 



20 



25 



30 



FIG. 3. Magnetoresistance of (TMTSF-di 2 ) 2 C10 4 with the 
field parallel to the c* direction for the cooling rate about 0.67 
K/s at 1.3, 2.0, 2.5, 3.0, 3.5, 4.0, 4.3, 5.0, 5.5, and 6.0 K. 

by deuteratioiJi0 This is consistent with usual deuter- 
ation effectsJUO Moreover, the magnetoresistance of d- 
CIO4 shows a step-like change from the phase between 
10 and 17 T to the phase above 20 T with hysteresis 
between 14 and 21 T. Although the possibility of a new 
phase boundary has been proposed around-47 T for h- 
CIO4 from magnetoresistance measurements^, the origin 
of the above step-like magnetoresistance and hysteresis is 
unsolved. 

The cooling rate 5ftc dependence of the magnetoresis- 
tance of c!-C104 at 1.5 K is shown in Fig.||. From this fig- 
ure, we find that the transition field to the last semimetal- 
lic SDW at 9.7 T is not sensitive to Sftc- This means that 
•Re in this region dose not change the effective pressure 
in the crystal. With increasing 3?c, the sudden increase 
of the resistance at 9.7 T becomes rounded, and both 
the RO and the large hysteresis of the magnetoresistance 
becomes dim in the semimetallic SDW phase. Moreover, 
/?hi determined from the sudden increase of Rq and of the 
RO amplitude is clearly visible and it is shifted towards 
a lower field with a large hysteresis in the magnetoresis- 
tance when is increased. The increase of the hystere- 
sis loop above /3hi with increasing 3?c is a consequence 
of the broadening of the first-order transition by disorder 
effects. We have also measured the 3?c dependence of 
the magnetoresistance of /1-CIO4 and observed that (3m 
decreases from 27 T for 0.0009 K/s to 21.5 T for 0.018 
K/s, although /3hi becomes not very well defined for the 
cooling rate above 0.19 K/s. One can conclude that Kc 
dependence of /?hi is a common feature in CIO4 salts. 

In Fig. [I we show the magnetoresistance of <i-C104 at 
various temperatures for about 0.67 K/s. At this 
cooling rate, for each temperature, we have determined 
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FIG. 4. The FISDW phase diagram in deuterated 
(TMTSF)2C104 constructed from many temperature and 
field sweeps for various cooling rates. The bold, 
dashed-and-dotted and dashed lines are guides to the eye for 
0.0009 K/s, 0.018 K/s, and 0.67 K/s cooling rates, respec- 
tively. 



the value of the FISDW transition of d-C104 as the in- 
tersection point between the extrapolations of the mag- 
netoresistance curve in the FISDW and metallic phases. 
The FISDW transition temperature is plotted as a func- 
tion of the magnetic field in Fig.||. As shown in the upper 
right side of Fig.[|, it increases with increasing the field B. 
This result is in agreement with previous measurements 
on /1-CIO4 for die = 0.5 K/s. (Ref. ^§ We have previously 
reported the quadratic increase of Tfisdw with magnetic 
field above 12 T in /1-CIO4 for 5R C of 0.5 K/s. (Ref. |l|) 
In the case of d-C104, Tfisdw for 3?c of 0.67 K/s also 
roughly shows the quadratic field dependence above 13 
T. However, for intermediate cooling rates, the quadratic 
field dependence of Tfisdw is not ar-ouadratic increase as 
predicted by the mean field theoryfi-3 but an envelope line 
of FISDW states with different quantum numbers n. We 
have also determined the value of the transition fields at 
/?hi from the intersection of the extrapolations of Rq and 
have plotted them in the lower right side of Fig.[|. As 
shown in Fig.||, the large hysteresis in the magnetoresis- 
tance and RO are observed in the high field phase region 
only below 3 K. Above 3 K, although the sudden increase 
of i? becomes rounded, the hump structure of Rq exists 
still up to 4 K. This means that /?hi exists up to 4 K. 
The definition of our phase boundary is the same one de- 
termined by Naughton et ala as shown in Fig.[|. Below 
the magnetic field of this boundary, thC|-.non-zero Hall 
voltage was observed in all experimentsflu 

As a result, we show in Fig.[| and Figji] the FISDW 
phase diagram of /1-CIO4 and <i-C104 determined from 
magnetoresistance measurements for various 9?Cj respec- 
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FIG. 5. The FISDW phase diagram in hydrogened 
(TMTSF) 2 C10 4 with the magnetic field parallel to the lowest 
conductivity direction c*. Solid lines show the phase bisund- 
ary for the relaxed state proposed by McKernan et al.a The 
dashed line is the phase boundary of the final FISDW phasft 
for the relaxed state originally determined by Naughton et ala 
Solid and open circles indicate the FISDW transition temper- 
ature and the high-field phase boundary for our hydrogened 
samples. 

tively. In Fig.^j, solid lines show the phase boundary 
for the relaxed state proposed by McKernan et alB The 
dashed line is the phase boundary of the final FISDW 
phase for the relaxed state originally determined by 
Naughton et alu As shown in Fig.[|, it is well known 
that Tfisdw for a slow cooling in /1-CIO4 is about 5.5 K 
and is almost independent of field B above 15 T. We con- 
firm this behavior for our hydrogened samples as shown 
in Fig]|. On the other hand Tfisdw m rf-C104 for !ftc = 
0.0009 K/s rapidly increases with increasing B up to 16 
T and slightly decreases above 20 T as shown in Fig^. 
The different behaviour of Tfisdw a t high magnetic field 
between deuterated samples and hydrogened ones is at- 
tributed to the difference of the chemical pressure in the 
crystal. It indicates that the negligible B dependence 
of Tfisdw above 15T in hydrogened samples is not in- 
trinsic for slowly cooled (TMTSF) 2 C10 4 . In d-C10 4 for 
0.018 K/s, the B dependence of Tfisdw is almost the 
same as that for 0.0009 K/s. We observe, however, that 
/3hi (27 T) which is independent of temperature below 
2.5 K decreases with increasing temperature above 2.5 
K. Above 3.5 K, Tfisdw has been determined from the 
hump structure of Rq which exists up to 4.2 K, although 
the sudden increase of Rq becomes rounded. In e?-C104 
for 0.67 K/s, /?hi is observed at about 23.5 T and Tfisdw 
increases with increasing B. The last semimetallic SDW 
phase between 9.7 T and /3hi is reduced from 5.5 K to 
4 K when the cooling rate 5?c is increased. This result 
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FIG. 6. (a) Schematic of the Fermi surfaces of 
(TMTSF)2C104, resulting from a dimerization of the system 
along the b axis. Qsdw = (2kF, 7r/b) = (2kF, 0) and Qg DW 
= (2k^, 7r/2b) are the SDW nesting vectors, (b) Periodic 
anion potential without the boundary between anion ordered 
states, (c) Anion potential with the boundary between anion 
ordered states. 

is consistent with the previous reportE! for /1-CIO4, the 
interpretation of which will be discussed later. Thus, the 
experimental results lead to the conclusions that, with 
increasing the cooling rate 5Rc, (1) the high field phase 
boundary /3hi shifts towards a lower field, (2) the last 
semimetallic FISDW phase between 9.7 T and /3hi is 
suppressed, (3) the FISDW insulating phase above /?hi 
in which the Hall voltage becomes almost zeroQ is en- 
hanced. These results mean that the last semimetallic 
FISDW phase and the FISDW insulating phase corre- 
spond to different FISDW states . 

In order to explain this 3?c dependence of the FISDW 
phase, we will now discuss the role of the dimerized gap 
due to anion ordering (AO) and that of the-.SDW nesting 
vector. As discussed in a previous reporirU, the concen- 
tration of scattering centers associated with the bound- 
aries between anion-ordered regions increases with in- 
creasing 5Rc- This is consistent with the fact that the 
residual resistance in the metallic phase increases with 
increasing 3fc- For the slowly cooled CIO4 salt, AO cre- 
ates a super lattice potential (Fig.^|(b)) dividing the orig- 
inal Fermi surface into two pairs of open sheets. As a 
result, a dimerized gap due to AO is introduced in the 
electron band as shown in Fig.0(a). Because the periodic 
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anion potential is out of phase at the boundary between 
adjacent anion-ordered regions (Fig.|](c)), for electrons 
moving across these boundaries, the dimerized gap due 
to AO is averaged out. These boundaries not only work 
as scattering centers but also suppress the dimerized gap 
due to AO. As a result, the effective dimerized gap due 
to AO decreases with increasing 5Rc- Perturbative calcu- 
lations using the "standard model" have shown that in 
the case of a small superlattice potential V due to AO, 
the most stable SDW nesting vector Qsdw is (2kp, n/b) 
= (2k F , 0) (see Fig.^(a)) and subphases with odd quan- 
tum numbers, i.e., ...|-5._3, 1, successively appear when 
the field is increased. Ii3't3 Although this model can ex- 
plain the phase diagram of slowly cooled /1-CIO4 below 
8T(Ref. |) and the enhancement of the FISDW insulat- 
ing phase above the high field phase boundary Phi with 
increasing 3?c, the decrease of Phi and the suppression 
of the last semimetallic SDW phase with increasing 5Rq 
can not be explained within the "standard model" with 
small V. 

On the other hand, McKerman et al. proposed the 
nesting of another pair of the two pairs of open or- 
bit FermL surface sheets separated by the superlattice 
potential. □ Using non-perturbative calculations Kishigi 
claimed that a new FISDW phase with a SDW nesting 
vector Qg DW = (2k^, n/2b) as shown in Fig.||(a) is sta- 



bilized for a large V. (Ref. 17) In fact, the magnitude of 
V estimated from the angular dependent magnetoresis- 
tance measurements is of the order of the interchain hop- 
ping integral t;,. (Ref. |l^) Recent calculations for CIO4 
salt have pointed out that, when V is increased, the 
SDW state with Qsdw is rapidly suppressed while the 
SDW state with Qg DW becomes stable at higher value 
of V. (Ref. Because the FISDW phase between 

12 and 24 T is suppressed with increasing 3?c, it is rea- 
sonable to estimate that the respective ground states of 
the last semimetallic FISDW phase and of the insulat- 
ing FISDW phase are a n=l state with Qg D w and a 
n=0 insulating state with Qsdw- Because the FISDW 
phase with Qg DW becomes more stable with increasing 
the value of V, the model with <3g DW can explain the de- 
crease of /3hi and the suppression of the last semimetallic 
SDW phase. We are therefore led to conclude that Phi of 
our experiment corresponds to the phase boundary be- 
tween Qg DW phase and Qsdw phase. As shown in FigJ|, 
the high field phase boundary Phi (a first-order transi- 
tion) proposed by McKernan et al. is located at 3.5 K 
between 21 T and 25 T. (Ref. |5[) Their phase boundary 
is characterized by the step of Hall voltage and mag- 
netization. They considered this phase boundary as the 
FISDW transition of one pair of Fermi surface within the 
Qg DW phase. As a result, the FISDW state at high mag- 
netic fields can be separated three phases characterized 
by Hall voltage, magnetization and the hump structure 
of Rq. This FISDW phase-diagram is consistent with 
that calculated by Kishigi .113 Accordingly, if we assume 
that the last semimetallic FISDW phase is the FISDW 



phase with Q SDW stabilized by the dimerized gap due to 
AO, the 5?c dependence of the FISDW transition and of 
Phi in the hydrogened and deuterated CIO4 salts can be 
explained by the effective dimerized gap resulting from 
AO. 



IV. CONCLUSION 

We have measured the magnetoresistance, up to 28 
T, in the SDW phase of hydrogened and deuterated 
(TMTSF) 2 C10 4 for various cooling rates 5ft c through the 
anion ordering temperature. We thus have obtained the 
3?c dependence of the FISDW transition temperature 
Tfisdw and of the phase boundary at high magnetic 
fields. The deuteration of the CIO4 salt works as a posi- 
tive chemical pressure in the crystal and moves the phase 
boundaries of FISDW towards the high field side. The 
deuterated (TMTSF-di 2 ) 2 C10 4 salt shows the FISDW 
phase in the wide cooling rate region which allowed us to 
investigate the 3Jc dependence of the FISDW phase in 
detail. We have found that, with increasing 5Rc, the high 
field phase boundary 0hi is shifted towards a lower mag- 
netic field, the last semimetallic SDW phase below Phi is 
suppressed, and the FISDW insulating phase above Phi 
is enhanced. The 3?c dependence of Tfisdw and of Phi 
can be explained by the mean-field theory by taking into 
account the FISDW phase with the SDW nesting vec- 
tor Qg DW stabilized by the dimerized gap due to anion 



ordering. 
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